Insight is provided in this study for the effect of the TiO 2 film densification/compactness on polyethylene (PE-TiO 2 ) by sputtering TiO 2 at two very different energy levels. Uniform, adhesive low energy films were prepared by direct current magnetron sputtering (DCMS) and compared with films sputtered at high energy levels by high power impulse magnetron sputtering (HIPIMS). Nano-particulate TiO 2 films sputtered by HPIMS presented sizes of ∼10.2 nm compared to films sputtered by DCMS with TiO 2 sizes of ∼16.5 nm as determined by X-ray diffraction (XRD). The E. coli inactivation kinetics was three times faster for the samples sputtered by HIPIMS compared to their DCMS counterparts. This is an unexpected finding since the DCMS presenting larger TiO 2 sized nanoparticles released a higher amount of Ti-ions compared to the HIPIMS samples as monitored by inductively coupled plasma mass-spectrometry (ICP-MS). The Ti-ions released do not seem to react through an oligodynamic effect but diffuse through the less compact TiO 2 sputtered by DCMS. The faster bacterial inactivation kinetics observed by the HIPIMS sputtered samples can be understood in terms of the complete of Ti 4+ /Ti 3+ redox conversion during bacterial inactivation detected by X-ray photo-electron spectroscopy (XPS) compared to the smaller Ti 4+ /Ti 3+ effect observed in the DCMS-samples. A higher optical density was detected for the HIPIMS sputtered samples by diffuse reflectance spectroscopy (DRS). Evidence is presented for the shift in surface potential and local pH during bacterial inactivation under aerobic and anaerobic conditions. A reaction mechanism is suggested based on the findings described in this study. The sputtered films present the potential to hinder biofilm formation on flexible thin polymers/textiles widely used in hospitals and health facilities.
Introduction
During the last decade there has been a growing interest in the preparation of antibacterial surfaces with improved kinetics and long-term operational lifetime effective in the inactivation of all kind of pathogens, especially those where no effective antibiotics are readily available. TiO 2 composites with added bactericide metal/oxides deposited by colloids calcined on heat resistant surfaces has been the subject of many recent studies [1, 2] . The effect of TiO 2 -N,S nanoparticles and sputtered TiO 2 films to increase visible light absorption and accelerate bacterial inactivation kinetics have been recently reviewed by Dionysiou et al., [3, 4] , Foster et al., [5] , Pillai et al., [6] [7] [8] , Byrne et al., [9] , Navabpour et al., [10] , Verran et al., [11] and Bahnemann et al., [12, 13] . Since the uniform and reproducible adhesion of TiO 2 films on substrates starting form colloidal depositions has been shown to present serious problems, antibacterial TiO 2 and TiO 2 -composites have been recently prepared by chemical vapor deposition (CVD), by RF-sputtering and evaluated in regards to their bactericide features [14] [15] [16] . Magnetron sputtering techniques allow the deposition of uniform TiO 2 films on substrates like textiles and polymer films not able to withstand temperatures >120-150 • C [17] [18] [19] .
The mechanism of E. coli disinfection by TiO 2 photocatalysis has been documented recently in aqueous solution [20, 21] and at the solid-air interface [22, 23] . Bacterial inactivation on TiO 2 films sputtered on polyester (PES) [24, 25] and on polyethylene (PE) [26] presented fast bacterial inactivation kinetics in over many cycles under light irradiation. Binary oxides and Cu-decorated binary oxides of TiO 2 -ZrO 2 have been investigated as TiO 2 -based composites [27] . Doping TiO 2 with cations [28] and more recently with FeOx increase the absorption of light in the visible region enhancing the bacterial inactivation under sunlight irradiation [29] .
Insight is provided during this study for the different antibacterial kinetics presented by the HIPIMS TiO 2 -PE samples compared to the DCMS PE-TiO 2 samples. Furthermore, this study will show that TiO 2 nano-particles present different TiO 2 planes when sputtered by HIPIMS or DCMS. The first correlation is presented between the optical film properties, surface hydrophobic-hydrophilic balance related to the amount of Ti-leached out during the bacterial inactivation as a function of the sputtered PE-TiO 2 sample. The pH changes, the OH • -radicals and the redox reactions on the PE-TiO 2 samples were monitored during bacterial inactivation.
The novelty of this work relates to the fact that the change in compactness and crystallographic phase of PE-TiO 2 films has been reported until now only as a function of the heating time at relatively high temperatures applied during the preparation of the TiO 2 colloids (or sol-gel) suspensions in contact with the chosen substrate [30] [31] [32] [33] . Some studies have also report low temperature film preparation using TiO 2 colloids or pre-formed powders on PE-films by immersion, followed by drying <100 • C [34] . However, the non-uniform TiO 2 grain deposition, lack of reproducibility and adhesion makes the evaluation of the compactness estimated by surface porosity and X-ray diffraction (XRD) only qualitative. The same problems were encountered for films prepared by spray pyrolysis screen-printing [35] , porous TiO 2 microstructures prepared by physical vapor deposition [36] and by the anodization of Ti-precursors in solution, addressing the preparation of films used as TiO 2 electrodes [37] . This study reports for the first time uniform, adhesive and reproducible TiO 2 films grafted on PE by sputtering with two different energies in a magnetron-sputtering chamber. This led to distinct TiO 2 particle sizes, Ti-ionic species, optical properties and crystal structures.
Experimental
2.1. Materials used, PE pretreatment by RF-plasma, deposition by sputtering and TiO 2 -loading determination on PE The low-density polyethylene (LDPE) consists of highly branched low crystalline semi-transparent film with the formula H(CH 2 -CH 2 ) n H. The (LDPE) 0.1 mm thick was obtained from Goodfellow, had a density of 0.92 g/cm 3 , an upper temperature limit of 90 • C and a flowing point of 185 • C. The polyethylene fabrics were pretreated in the cavity of the RF-plasma unit (Harrick Corp. 13.56 MHz, 100 W) at atmospheric pressure to induce carboxylic sites able to bind TiO 2 as previously reported [26, 30] .
The PE was pre-treated in the cavity of the RF-plasma unit (Harrick Corp. 13.56 MHz, 100 W) at a pressure of 1 Torr. The topmost PE-layers of 2 nm (∼10 atomic layers) were RF-plasma pre-treated for times between 5 min and 30 min. The O 2 in the RF-plasma cavity reacts with the PE inducing surface groups like C O, C O, O C O, C O O − , in addition to other polar/hydrophilic groups, breaking intermolecular PE H H bonds. These negative functionalities bind TiO 2 by electrostatics and chelation/complexation [24] [25] [26] [27] [28] 38] .
The DCMS TiO 2 -samples were sputtered in O 2 atmosphere from a 5 cm diameter target (Kurt Lesker, East Sussex, UK) by direct current magnetron sputtering (DCMS) at 250 mA and 457 V (128 W). HIPMS samples were sputtered for 1-5 min applying 100 microseconds pulses each one with 350 V/5A (1750 W) with a rectangular shape operated at 100 Hz separated for 10 ms. The residual pressure P r in the sputtering chamber was ∼10 −4 Pa. The substrate to target distance was set at 10 cm. To give an idea for the differences between DCMS and HIPIMS sputtering the main characteristics are summarized in Table 1 below. The Ti-content on the polyethylene was evaluated after the Ti sputtering in reactive O 2 gas by X-ray fluorescence (XRF) in a PANalytical PW2400 spectrometer for pre-treated and non-pre-treated PE films. For non-pre-treated samples sputtered for 5 and 8 min by DCMS led to 0.031 and 0.051 TiO 2 wt%/wt PE, respectively. For samples pre-treated by RF-plasma in air for 8 min led a TiO 2 loading of 0.096 TiO 2 wt%/wt PE.
2.2. Diffuse reflectance spectroscopy (DRS), X-ray diffraction (XRD) and contact angle (CA) of TiO 2 -PE deposited at different energies Diffuse reflectance spectroscopy was carried out in a PerkinElmer Lambda 900 UV-VIS-NIR spectrometer provided for with a PELA-1000 accessory within the wavelength range of 200-800 nm and a resolution of 1 nm. The crystalline structure of the PE-TiO 2 film was investigated by X-ray diffraction (XRD) and recorded on an X'Pert MPD PRO from PANalytical equipped with a secondary graphite (002) monochromator and an X'Celerator detector operated in Bragg-Brentano geometry. The wettability of the PE-TiO 2 films was determined by the contact angle (CA) sessile drop method on a DataPhysics OCA 35 unit. Drop volumes of 0.5 microliter were chosen in all experiments to avoid shape alteration due to gravitational forces and to diminish the evaporation effects. The measurements were performed at room temperature (65% controlled humidity). The drop image was registered in a CCD camera (1280 × 960 pixels) attached to a microscope and processed by way of software image analysis estimating the contact angle.
2.
3. E. coli inactivation on PE-TiO 2 films, stereomicroscopy, inductively plasma coupled mass-spectrometry and irradiation procedures
The samples of Escherichia coli (E. coli K12 ATCC23716) on 2 cm by 2 cm PE-TiO 2 were placed into a glass Petri dish and irradiated in the cavity of a Suntest sunlight simulator (Atlas GmbH, Hanau, Germany) with a light dose of 50 mW/cm 2 emitting light in the range 310-800 nm. A cut-off filter of 400 nm was use to block the light below 400 nm (visible range). The sputtered and un-sputtered control films were kept in a sterile oven at 60 • C to avoid contamination prior to the bacterial test. The 100 L bacteria samples were uniformly distributed on the PE-TiO 2 samples. The CFU statistical analysis of the bacteria inactivation data was performed calculating the standard deviation values. Other details of the CFU counting have been recently reported [24, 27, 29] .
The fluorescence stereomicroscopy was carried out on samples inoculated with 10 8 CFU of E. coli and incubated for 2 h in a humidification chamber. This method uses a fluorochrome-based staining procedure from Filmtracer TM LIVE/DEAD ® Biofilm Viability Kit (Molecular Probes, Invitrogen). The kit contains a combination of the SYTO ® 9 green fluorescent nucleic acid stain and propidium iodide fluorochromes for the staining of live and dead cells, respectively. The sample fluorescence was monitored in a fluorescence stereomicroscope (Leica MZ16 FA, Leica Microsystems GmbH Wetzlar, Germany) and the images were processed using the LAS v.1.7.0 build 1240 software from Leica Microsystems CMS GmbH. Adhesion of bacteria to the sputtered polyester was allowed for 2 min before washing the sample with sterile Milli-Q water to remove non-adherent bacteria. Images were monitored to show up both statements (live and/or dead) of bacteria on the samples.
The determination of Ti was carried out by way of a FinniganTM ICPS unit. The washing solutions from PE-TiO 2 samples were digested with nitric acid 69% (1:1HNO 3 + H 2 O) to remove the organics in solution and insure that no remaining ions were kept adhered to the flask wall. The samples droplets were introduced to the ICP-MS trough a peristaltic pump to the nebulizer chamber allowing the sample components evaporation and ionization. The Ti found in the nebulizer droplets was subsequently quantified by mass spectrometry (MS).
Monitoring of the OH • -radicals by fluorescence
The quantification of the ROS (mainly OH • ) was carried out based on the method proposed by Hashimoto et al., [39] . For this, an Across Chemicals 99% terephthalic acid as well as NaOH 98% from Sigma Aldrich were used. PE-TiO 2 sample of 4 cm 2 area was immersed in a 0.4 mmol L −1 solution of terephthalic acid dissolved in a 4 mmol L −1 NaOH solution. After irradiation, the solution was transferred in a quartz cell. The fluorescence of the 2-hydroxyterephthalic-acid was quantitatively monitored on a Perkin Elmer LS-50B spectrometer. The spectra were recorded between 400 and 500 nm (scan rate: 100 nm/ min) after excitation at 315 nm.
Redox couples on PE-TiO 2 films during bacterial inactivation determined by XPS
The X-ray photoelectron spectroscopy (XPS) of the PE-TiO 2 films was measured using an AXIS NOVA photoelectron spectrometer (Kratos Analytical, Manchester, UK) provided for with monochromatic AlK a (h = 1486.6 eV) anode. The carbon C1s line with position at 284.6 eV was used as a reference to correct the charging effect. The surface atomic concentration was determined from peak areas using the known sensitivity factors for each element [40, 41] . The spectrum background was subtracted according to Shirley [42] . The XPS spectral peaks were deconvoluted with a CasaXPS-Vision 2, Kratos Analytical UK.
Results and discussion
3.1. Diffuse reflectance spectroscopy (DRS), X-ray diffraction (XRD) and dynamic contact angle (CA) of PE-TiO 2 sputtered by DCMS and HIPIMS Fig. 1 shows the optical spectra of the samples (DRS) are plotted in Kubelka-Munk (KM) unit's vs wavelength. The rough UV-vis reflectance cannot be plotted directly to show the optical absorption. This is due to the decrease in the transmittance introduced by the TiO 2 nano-particles. In Fig. 1 , the reflectance data does not measure the PE-TiO 2 absorption coefficients because of the large scattering contribution to the reflectance spectra in Fig. 1. Fig. 1 shows the KM/S values assuming them to be proportional to the absorption of the PE-TiO 2 films within the 200-800 nm visible absorption range.
The DRS spectra of the PE-TiO 2 films shows the DCMS PETiO 2 absorption in Fig. 1 , trace (1) plasma pretreated for 15 min and sputtered for 8 min. This spectrum is lower compared to HIP-IMS sputtered samples of PE-TiO 2 plasma pretreated for 15 min and subsequently sputtered for 4 min. In both samples, the optical absorption of the TiO 2 nano-particles sets in < 400 nm as expected. Above 400 nm, the DRS spectrum of the PE-TiO 2 HIPIMS sample shows a second component, due to the HIPIMS effect on the PEfilm building up n-transitions leading to absorbing sites on the PE [43] . The higher reflectance of the HIPIMS sputtered layers in Fig. 1 , trace 1, provides the evidence for the dense/compact layers compared to the more transparent/porous TiO 2 layers sputtered by DCMS s shown in Fig. 1 , trace 2. Fig. 2 presents the XRD spectra of DCMS and HIPIMS PE-TiO 2 sputtered samples. The sharp narrow peaks shown in Fig. 2 indicate well-crystallized TiO 2 species. Fig. 2(1) shows the XRD patterns of the DCMS sputtered sample, all the diffraction peaks correspond to anatase phase 101,110 and 200 crystal atomic planes. Fig. 2(2) showing 4 atomic planes 101,110, 200 and 211 indicates that additional 211 atomic planes grown at the surface of PE on the HIPIMS sputtered sample. The appearance of the additional rutile 211 atomic planes was due to the higher local heat when sputtering with HIPIMS. This local heat is a consequence of the significantly higher HIPIMS power of 1750 W compared to the 450 W average power applied when sputtering by DCMS (see Experimental Section 2.1) By inspection of Fig. 2 , it is readily seen that the 101 atomic planes is the preferential growth orientation/direction in both the DCMS and the HIPIMS samples.
To estimate the crystallinity of the prepared samples, the average crystallite size was determined by the Scherrer equation:
, where D hkl is the crystallite size in the direction perpendicular to the lattice planes, hkl are the Miller indices of the planes being analyzed, K is a numerical factor frequently referred to as the crystallite-shape factor [44] , is the wavelength of the X-rays, B hkl is the width (full-width at half-maximum) of the X-ray diffraction peak in radians and Â s the Bragg angle. In the absence of detailed shape information of the TiO 2 crystallites as it is our case, when the Ti-atoms hit the PE, the atoms grow in different directions when sputtering by DCMS and HIPIMS and a value of K = 0.9 has been used as a valid approximation [45] . This leads to a grain size of PE-TiO 2 HIPIMS = 10.2 nm and a grain size of PE-TiO 2 DCMS = 16.5 nm. It is important to note that Scherrer equa- tion is valid in the range of 100-200 nm because diffraction-peak broadening decreases with increasing crystallite size. Due to this it becomes difficult to separate the peak broadening due to crystallite size from the broadening due to other factors [45, 46] . These results are in line with the results shown above in Fig. 1 by optical means. The HIPIMS nano-particles led to a DRS spectrum with a higher reflectance (see Fig. 1 ) compared to the DCMS spectrum, due to the increased densification due to the smaller grain size. The crystal size, atomic planes, orientation and nano-particle shape determine the TiO 2 lattice vacancies needing 1-2 eV to diffuse from the interior of the lattice to the surface [1,2,38]. Lower diffusion energies of 0.2 and 0.6 eV has been reported for the Ti 4+ /Ti 3+ ionic diffusion on TiO 2 crystallite surface. The ionic species associated with the HIP-IMS and DCMS sputtered crystallites on PE react in a quite different form under band-gap irradiation [47, 26] . Their relative relevance within the bacterial inactivation time will be further discussed in relation with the Ti-ions release.
The results for the hydrophobic to hydrophilic transformation occurring on the PE-TiO 2 sample induced by simulated solar light as reported for the first time in reference [48] . A decrease of the contact angle (CA) from 121 • to less than 5 • within 60 min the time of bacterial inactivation was observed (Fig. 3) . A reduction of the initial contact angle (CA) to 15 • within 45 min is reported for the PE-TiO 2 HIPIMS sputtered samples. During the irradiation time, the hydrophobic surface is converted to a hydrophilic surface reducing the interfacial energy between the solid and liquid surface. Fig. 3 shows the back reaction to the initial hydrophobic for PETiO 2 DCMS and HIPIMS sputtered samples as a function of "cos ". According to Young's theory the "cos " of a liquid droplet on a solid surface is a function of the interfacial energy between the solid and the liquid [48] . The contact angle (CA) conventionally measures the angle where the liquid meets the solid quantifying the wettability of a solid surface via the Young equation. For PE-TiO 2 DCMS samples the rate of the hydrophobic to hydrophilic conversion and the rate of the reverse reaction were: 0.277 min −1 and 8.71 × 10 −3 min −1 respectively. These rates were calculated according to the Young's equation [49, 26] . The hydrophobic-hydrophilic equilibrium properties of the PE-TiO 2 surfaces are important in antibacterial films [5, 50, 26] . Recently, E. coli has been reported to show preferential adhesion to hydrophilic surfaces [43] . Fig. 4a shows the E. coli inactivation kinetics on DCMS PE-TiO 2 samples under light sunlight irradiation for samples sputtered by TiO 2 on PE as received (without pretreatment). Fig. 4b shows similar bacterial inactivation runs but for TiO 2 sputtered on PE RF pre-treated for different times. It is readily seen that the RF-plasma samples treated for 15 min and subsequently sputtered for 8 min in Fig. 4b, trace 1) led to the fastest bacterial inactivation (120 min). Fig. 4b, trace 2) shows a longer bacterial inactivation time for samples pre-treated for 20 min. Longer times lead to a thicker TiO 2 layers and consequently to the inward diffusion of charges [44] . This decreases the charge transfer between the PE-TiO 2 and bacteria. Fig. 4b, trace 3) shows a slow bacterial inactivation kinetics, due to the fact that when sputtering for 5 min a) did not deposit enough TiO 2 on PE or b) due to the fact that the amount of TiO 2 layers did not attain the most suitable film roughness (Rg) necessary to adhere E. coli. This is a preliminary step necessary for bacterial inactivation [26] . Fig. 5a presents the bacterial inactivation by HIPIMS PE-TiO 2 sputtered films without previous RF-plasma pre-treatment. Fig. 5b shows that Rf-plasma pretreatment of PE followed by 4 min HIPIMS sputtering led to the fastest inactivation time (45 min). This shows again the importance of the Rf-plasma pretreatment to induce chelating sites on the inert PE surface to graft a sufficient amount of TiO 2 layers. The bacterial inactivation kinetics in Fig. 5b , traces 2) and 3) follow a similar pattern to the one presented in Fig. 4b . Fig. 6(a) shows the stereomicroscopy for live and dead E. coli bacteria by using the dye fluorochrome to stain the bacteria. For the DCMS PE-TiO 2 sputtered samples at zero time, only the green cells from the live bacteria are seen in Fig. 6a . Gradually red dots indicating membrane damage appear at times between 5 min and 45 min. Finally after 120 min only dead cell are seen in the stereomicroscopic image. This time is in agreement with the bacterial inactivation time reported by plate counting in Fig. 4b . This disappearance of all living cells in Fig. 6b coincides with the time reported in Fig. 5b for the complete bacterial inactivation evaluated by agar plate counting. Cell membrane damage is due to the increase in the outer cell membrane permeability. This leads to membrane destabilization not allowing the cell membrane to keep the osmotic pressure of the internal cytoplasm leading ultimately to cell dead [10, 14, [22] [23] [24] [25] [26] [27] . Control experiments with E. coli cells incubated on PE alone kept alive up to 120 min exposure remaining green. Fig. 6b reports the data for the bacterial stereomicroscopy up to 45 min for HIPIMS sputtered samples.
Bacterial inactivation kinetics, E. coli stereomicroscopy and Ti-leaching as observed by ICP-MS during bacterial inactivation

XPS of PE-TiO 2 samples during bacterial inactivation and ICP-MS determination of the Ti-leached during bacterial disinfection
Redox processes on PE-TiO 2 surfaces involve Ti 4+ /Ti 3+ reduction occurring during the bacterial inactivation as shown in Figs. 7a,b and 8a,b. The XPS of the PE-TiO 2 DCMS sputtered samples is shown in Fig. 7a . The Ti 4+ peak is positioned at 458.6 eV [40] before bacterial inactivation (time zero). The area of the deconvoluted [33] Ti 4+ peak area accounts for ∼95% of the total peak at time zero. Fig. 7b presents the XPS spectrogram after bacterial inactivation for this sample at 120 min. The deconvolution of the XPS peak in Fig. 7b shows that the main peak contribution at 457.8 eV is due to with Ti 3+ . The Ti 3+ signal amounts ∼90% of the total envelope and the signal for Ti 4+ is ∼10% of the total area. The observed change in the Ti-oxidation state shows redox processes occurring at the PE-TiO 2 surface. This Ti 4+ reduction process occurs concomitantly with the bacterial oxidation. The O-vacancies induced by DCMS and HIPIMS sputtering on TiO 2 involve the creation of unpaired electrons or Ti 3+ -species. The reduction of Ti 4+ occurs also in parallel with the increase in PE-TiO 2 hydrophilicity as shown in Fig. 3 . The O-defect is the most important TiO 2 defect Ti-active site and its formation may be accompanied by Ti-vacancies and O-interstitial sites [1, 2, 17] . Defects in the TiO 2 lead to O-vacancies within the TiO 2 band-gap positioned in intermediate states (mid-gap or intra-gap states). These sates are able to trap electrons during the transition from the valence band to the conduction band [17] . The cb(e-) reacts with oxygen vacancies in the presence of O 2 leading to the O 2 − species participating in bacterial oxidation [43] .
The XPS reported in Fig. 8a and b follow the pattern observed for Fig. 7a and b . The HIPIMS sputtered sample had a composition 80%Ti 4+ : 20%Ti 3+ . After 45 min bacterial disinfection this ratio becomes 95%Ti 4+ : 5%Ti 3+ . Therefore, HIPIMS sputtered samples did enhance the reduction in the initial Ti 4+ oxidation state compared to the DCMS samples. Fig. 8b shows that in the case of HIPIMS sputtered PE-TiO 2 film, the O-vacancies found after bacterial inactivation were present in a higher amount. A concomitant creation of unpaired electrons or Ti 3+ -species (after bacterial inactivation) was observed for the HIPIMS samples compared to the Ti 3+ found in the DCMS samples at time zero. This is a possible reason for the faster bacterial inactivation induced by the HIPIMS samples (see Fig. 5b ). Fig. 9a shows the deconvolution for the XPS DCMS PE-TiO 2 peak before bacterial inactivation. After bacterial inactivation, Fig. 9b shows the redox process for the Ti-O species undergoing a binding energy (BE) shift from 530.9 eV to 530.4 eV. This reflects a reduction in the (O1s)-species. Concomitantly, the − C O peak with a BE 533.9 eV shows reduction after bacterial inactivation to 533.3 eV concomitant to the bacterial oxidation. Fig. 10 reports by HIPIMS a bigger amount of XPS-counts for O1s species on the PE-TiO 2 films before and after bacterial disinfection HIPIMS compared to the counts reported for the DCMS sputtered samples in Fig. 9a and b. The shift in the XPS deconvoluted peaks reflect also the redox reactions of the surface species as shown previously for the DCMS films.
During the XPS reported in Figs. 7-10, the amount of surface oxygen vacancies responsible for the specific properties TiO 2 sputtered by HIPMS are present in a higher amount compared to the DCMS sputtered surfaces. This determines the different light absorption (DRS), XRD structure and film TiO 2 Ti 4+ /Ti 3+ -species as shown above by the XPS data. The higher energy applied by HIP-IMS during TiO 2 and additional Ar + deposition (see Experimental Section) creates a considerably higher amount of O-vacancies on the TiO 2 surface compared to DCMS sputtered PE-TiO 2 [17, 18, 38] . The depletion of the surface lattice TiO 2 oxygen in the HIPIMS samples during bacterial inactivation leads to O-surface vacancies, but these vacancies are compensated by O 2 − due to the cb(e-) reacting with O 2 (air). One has to keep in mind that TiO 2 mediated photocatalysis is based on the fact that the adsorption of O 2 does not proceed on perfectly neutral TiO 2 surfaces, but on surfaces with excess negative charge on the surface TiO/TiOH groups as reported by XPS in Figs. 9 and 10 [17, [47] [48] [49] . The O 2 adsorbed by the non-stoichiometric TiO 2 surface under light, capture cb(e-) and electrons of the O-vacancies producing superoxide/hydroperoxide radicals [1, 3, 26] . Fig. 11a , trace 1 and trace 2) present the Ti-ions released upon recycling by a DCMS and HIPIMS sputtered samples up to the 10th cycle. It readily seen that no difference in the amounts of Ti were observed after the 10th recycling. However, a difference of a factor of 10 in the Ti-leaching out was observed after the first cycling of the DCMS samples due to the lower compactness of these samples (see Fig. 1 ) and to the DCMS samples presenting a higher resenting higher TiO 2 grain size as reported in Section 3.1. The Ti-amounts released by the DCMS compared to the HIPIMS sputtered samples are shown next in Fig. 11b and c. The trend amounts of Ti-released shown in Fig. 11b and c during repetitive bacterial inactivation cycles vary for the DCMS and the HIPIMS sputtered samples.
The ICP-MS analysis shows in Fig. 11a that the amounts of Tiions leached during bacterial inactivation was higher for the DCMS during the first 8 cycles compared to the HIPIMS sputtered samples. This may be the reason for the faster bacterial inactivation kinetics by the DCMS samples. Previously, Figs. 4 b and 5 b indicated that HIPIMS samples led to an inactivation about 3 times faster compared to their DCMS counterparts. This observation shows that the amount of released Ti-ions is not the main parameter controlling bacterial inactivation. Since Fig. 11 shows that more Ti is released by the samples sputtered by DCMS compared to HIPIMS sputtered samples, eliminating an oligodynamic effect due to the Ti-ions as the main cause for bacterial inactivation. Fig. 12 shows the highly oxidative OH • radicals generated on the TiO 2 surface under band-gap irradiation leading to bacterial disinfection. Fig. 12 presents the evidence the contribution of the OH • radicals generated at the surface of the PE-TiO 2 films leading to bacterial inactivation under light irradiation. The OH • radical generation is reported as a function of time for the DCMS PETiO 2 sputtered samples. The increase in the fluorescence of the 2-hydroxyterephthalic acid is directly proportional to the amount of OH • radical [39] and are seen to increase with irradiation time. Fig. 12, trace 1) show the OH • -generation kinetics at 26 • C and trace 2) at 50 • C. These increases reveal that the OH • generation process involves ion-molecule, radical-molecules and ion-radical species [17, 38, 46] since the generation of OH • -radicals alone is a process Fig. 12 . OH
• -radical generation as a function of the applied temperature on PE-TiO2 samples sputtered by DCMS shown in traces 1) and 2) and HIPIMS sputtered samples shown in traces 3) and 4). The inserts 1 and 2) show the growth of the fluorescence at 25
• C and 50
• C respectively for DCMS sputtered samples. Traces 3) and 4) and inserts 3) and 4) show the growth of the fluorescence at 25
• C respectively for HIPIMS sputtered samples.
that does not need any activation energy. For the HIPIMS PE-TiO 2 samples, Fig. 12, traces 3 ) and 4) show a similar trend for the OH • radical generation as shown for DCMS samples in Fig. 11 , traces 1-2).
The faster bacterial inactivation induced by the HIPIMS samples compared to the DCMS sputtered samples is shown in Scheme 1.
Scheme 1 shows the dynamic of Ti-release during E. coli disinfection. The DCMS less compact layers elute a large amount of Ti-ions as the number of cycles increase. The PE in the DCMS sputtering chamber was biased at a lower voltage compared to the HIPIMS biased at a much higher voltage during the TiO 2 particle deposition on PE. This has the consequence that PE binds with a much higher energy the smaller sized TiO 2 particles. This introduced a higher local compactness in the HIPIMS TiO 2 sputtered layers. The amount of TiO 2 /Ti-ions released during bacterial disinfection by the DCMS and HIPIMS samples is in agreement with the results found by: a) by optical means shown in Fig. 1 by DRS b) by the particle size determined by XRD shown in Fig. 2, and c) by the redox changes in the Ti-oxidation states obtained by (XPS) in Figs. 7-10. Fig. 1a, trace 1) shows the bacterial inactivation kinetics for HIPIMS TiO 2 sputtered samples in aerobic media and in anaerobic media in trace 2. The aerobic media favors the generation of highly oxidative radical intermediates. The run reported in Fig. 13a , trace 1) shows bacterial disinfection in half the time compared to the run under anaerobic conditions reported in Fig. 13a, trace 2) . The Fig. 13a, trace 3) shows a more significant pH-decrease during the bacterial inactivation time in aerobic media compared to the pH-variation (Fig. 13, trace 4) . The generation of HO 2
Main intermediates leading to bacterial inactivation
• -radicals as noted in Reactions (1)- (3) below is consistent with the pH-shift shown in Fig. 13a towards more acid values during the disinfection process. Eqs. (1)- (3) outline the participation of the radicals intervening in bacterial inactivation. A complete account of the mechanism of bacterial inactivation has been reported in some recent reviews [51] [52] [53] [54] [55] and will not be further considered in this study. This study addresses the effect of sputtering energies on the TiO 2 films mediating bacterial inactivation and mechanistic considerations are beyond the scope of the present report. (a) Bacterial inactivation on HIPIMS sputtered PE-TiO2 related to the localpH at the interface E. coli PE-TiO2. Runs 1) and 3) were carried out under aerobic conditions and runs 2) and 4) were carried out under anaerobic conditions. (b) Bacterial inactivation on DCMS sputtered PE-TiO2 related to the local-pH at the interface E. coli PE-TiO2. Runs 1) and 3) were carried out under aerobic conditions and runs 2) and 4) were carried out under anaerobic conditions. O 2 − + H 2 Ov → HO 2
• + H + + 1/2O 2 (3) Fig. 13b shows the bacterial inactivation runs induced by DCMS PE-TiO 2 films under sunlight irradiation. A similar trend is observed as found for Fig. 13(a) but leading to bacterial inactivation within longer times.
Conclusions
This study presents the first evidence by uniform, adhesive TiO 2 layers sputtered with different energies leading to PE-TiO 2 films showing different particle size, compactness, optical and redox properties. By XRD the atomic planes of HIPIMS and DCMS TiO 2 -crystallites were investigated. Evidence is presented for different atomic planes in the HIPIMS PE-TiO 2 films compared with the DCMS films. By ICP-MS analysis, the amounts found for the Ti-ions leached out during disinfection were higher for the DCMS samples compared to HIPIMS samples. Bacterial inactivation was faster by a factor of about 3 on the HIPIMS samples compared to DCMS samples. The hydrophobic to hydrophilic conversion of the PE-TiO 2 surfaces under sunlight irradiation was evaluated by contact angle (CA) and found to be similar for samples prepared by both sputtering methods as well as their photo-reversible behaviour in the dark. Local pH-changes at the TiO 2 solid-air interface were monitored during bacterial disinfection. By surface pH measurements the bacterial inactivation was shown indirectly to involve hydroperoxide (HO 2 • , O 2 − ) generated on PE-TiO 2 surface. The surface OH • -radical were monitored quantitatively as a function of time and temperature during the bacterial inactivation process. The present findings present innovative/stable PE-TiO 2 films able to inactivate bacteria within acceptable times.
